Superoxide
Chromium(VI) is one of the major environmental contaminants, which reflects its numerous high-volume industrial applications and poor environmental practices in the disposal of chromium-containing waste products (42) . High solubility and tetrahedral conformation of the chromate anion promote its rapid transport across biological membranes (11) , and once internalized by cells, Cr(VI) exhibits a variety of toxic, mutagenic, and carcinogenic effects (43) . Formation of DNA damage is a major cause of toxic and mutagenic responses in both human and bacterial cells, as evidenced by their increased sensitivity to chromate in the absence of DNA repair (16, 36) . Human and other mammalian cells lack any detectable extrusion of chromate, and DNA repair is their main cellular defense mechanism against chromate toxicity. Because bacterial cells are less proficient in repair of chromium-DNA adducts compared to human cells (35) , their ability to survive in the environment with heavy chromate contamination required selection of alternative resistance mechanisms. Genes conferring resistance to chromate have been found in Pseudomonas spp. (7, 27) , Streptococcus lactis (13) , and Cupriavidus metallidurans (28) . Unlike other metal resistance systems that allow survival at high millimolar concentrations, currently known chr genes provided protection only in the submillimolar range, and the chromate-inducible systems were not very selective (32) . One of the reasons for a limited protective ability of the characterized chr systems could be related to their responsiveness to sulfate, since a strong activation of the efflux pumps could lead to the coextrusion of sulfate and the resulting metabolic deficiency in sulfur donors. Chromate and sulfate are isostructural anions, which makes it difficult for cells to differentiate between them and is the basis for cellular uptake of chromate by sulfate transporters (43) .
In the search for highly selective and efficient chromate defense systems, we focused our efforts on the characterization of the genetic factors responsible for chromate resistance of Ochrobactrum tritici strain 5bvl1. This strain was isolated from chromiumcontaminated sludge from a wastewater treatment plant receiving wastewaters from tannery industries (14) and was found to be able to grow in the presence of high concentrations of chromate (8) . Different alphaproteobacteria belonging to the genus Ochrobactrum have been isolated from clinical and/or environmental samples; however, little is known about their genetic organization and general resistance abilities. We identified a transposon-based chrBACF operon as the key determinant of high chromate tolerance by strain 5bvl1. The activation of this operon was highly selective and provided resistance principally through efficient extrusion of chromate. We also found that the chrB, chrC, and chrF genes complemented a superoxide-sensitive phenotype of sodA sodB double-null Escherichia coli cells, indicating that expression of chrBACF would confer cross-resistance to other environmental contaminants.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 AsO 4 , and Na 3 VO 4 were used to prepare 0.5 M stock solutions, which were sterilized by filtration.
Transposon mutagenesis and screening. Transposon insertion mutants were generated by mobilization of the suicide plasmid pSUP5011 from the donor strain E. coli S17-1 to the recipient strain O. tritici 5bvl1. In this procedure, the Tn5::Kan r transposon is transferred from E. coli to strain 5bvl1 (Tc r ), using the filter mating method (12) , where the transposon randomly inserts into the DNA, thus generating a library of insertion mutants. Selection was done on LB plates with tetracycline (10 g/ml) and kanamycin (750 g/ml) to obtain cells in which transposition had occurred. This high concentration of kanamycin was necessary to select the transconjugants. The transconjugants were then plated on LB plates, and clones unable to grow in the presence of 2 mM chromate were recovered and subjected to further analyses.
Inverse PCR. Templates for inverse PCR were prepared from about 1 g of total DNA digested with enzymes that cut once inside the Tn5 transposon (SalI and SphI). The digested and purified DNA (about 500 ng) was ligated overnight at 14°C in a total volume of 50 l with 3 U of T4 DNA ligase (Roche, Mannheim, Germany). DNA flanking the Tn5 insertion was amplified by PCR with Taq DNA polymerase (Invitrogen, Carlsbad, CA) and with specific primers (purchased from Sigma-Genomys, St. Louis, MO), designed from the transposon inverted repeats (IRs) and from a region inside of the Tn5 transposon. The PCR products were gel purified, cloned into vector pGEM-T Easy (Promega, Madison, WI) (37) and sequenced. Database searches and sequence analyses were performed by using the BLAST program (2) .
RNA isolation and RT-PCR. Total RNA was obtained from mid-exponentialphase strain 5bvl1 cells grown for 1 h in the absence or presence of 0.5 mM chromate in Tris-glucose medium. Total RNA was isolated by the RNeasy mini kit (Qiagen, Valencia, CA) and then digested with RQ1 RNase-free DNase (Promega, Madison, WI) to remove the residual DNA. cDNA synthesis was done with Sensiscript reverse transcriptase (RT) (Qiagen, Valencia, CA) according to the manufacturer's instructions. Briefly, the reverse primers from the chrB gene were used to create the cDNAs. Standard PCR procedures were used to generate amplicons from 5 l of the reverse transcription reaction mixture using the specific primer pairs for the chrB gene. Reverse transcriptase PCR (RT-PCR) products were examined by 1% agarose gel electrophoresis. The potential presence of DNA contamination in the mRNA preparations was tested in the reaction mixtures lacking RT.
Reporter gene constructs. The putative promoter and the chrB gene of the TnOtChr operon were amplified, and recognition sites for enzymes KpnI and XbaI were incorporated into the PCR primers. The PCR product was ligated into KpnI-XbaI-digested vector pSJ3, immediately upstream of the lacZ gene, to generate chrBp::lacZ. A product containing only the promoter sequence (chrp) was also ligated into vector pSJ3, resulting in the construct chrp::lacZ. These plasmids were then transformed into E. coli DH5␣ cells. Overnight cultures were diluted 100 times with fresh medium and incubated until they reached exponential growth phase (optical density at 600 nm [OD 600 ] of 0.3 to 0.6). Cultures were then distributed into tubes and induced by different chromate concentrations or by other compounds (sulfate, arsenate, tungstate, vanadate, and molybdate). After incubation for one additional hour, ␤-galactosidase enzymatic assays were performed as previously described (26) . The results are presented as mean values from at least three independent experiments.
Construction of O. tritici T chrFCAB, O. tritici T chrCAB, O. tritici T chrAB, and O. tritici T chrB. Different fragments of the TnOtChr operon, including the promoter region, were amplified, and recognition sites for enzymes PstI and KpnI were incorporated into the PCR primers. The PCR products were ligated into PstIKpnI-digested vector pSJ3 upstream of the lacZ gene. The fragments containing the chr genes were isolated by digesting the plasmids with NotI and were cloned into the unique NotI site of pUTmini-Tn5 (Tc r ). Transfer of the resulting plasmids, pUT::chrB, pUT::chrAB, pUT::chrCAB, and pUT::chrFCAB to recipient strain O. tritici was performed with the donor E. coli S17-1 pir strain by biparental conjugation using the filter mating method (12) . Selection was done on LB plates with tetracycline (10 g/ml) and kanamycin (30 g/ml) to obtain cells in which transposition had occurred. Chromosomal integration of chr genes was confirmed by Southern blotting and PCR amplification. 
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Complementation of E117 mutant with chrA. The chrp and chrA sequences were PCR amplified from O. tritici strain 5bvl1 and cloned into pBBR1MCS-5, resulting in the plasmid pBBR1::chrAp. This vector was transformed into competent E. coli S17-1 cells and then mobilized into the E117 mutant by biparental conjugation (12) . Selection of plasmid-expressing clones, designated E117:chrA, was performed on LB plates with gentamicin (15 g/ml) and kanamycin (30 g/ml).
Chromate resistance assays. Chromate resistance was measured by the growth rates in Tris-glucose minimum medium. Overnight cultures were diluted 100-fold into 300-ml flasks containing 100 ml of fresh medium supplemented with different chromate concentrations. The bacterial suspensions were incubated at 37°C with shaking at 170 rpm for 15 h, and the OD 600 was measured. Chromate resistance was also determined by the clonogenic assay. O. tritici strains were grown to an OD 600 of 0.2 to 0.3, and serial dilutions of each culture were plated in triplicate on LB plates supplemented with chromate at the indicated concentrations. Plates were incubated at 37°C, and colonies were counted after 3 days.
Chromate uptake. Overnight cultures were diluted in 100 ml of the new medium and grown to exponential phase. Uptake assays were initiated by adding different chromate concentrations (0.5, 1, and 3 mM) to the suspensions followed by incubation at 37°C with shaking for 3 h. Control and Cr(VI)-exposed cells were harvested by centrifugation and washed twice with cold phosphate-buffered saline. Cellular Cr extracted by a hot nitric acid procedure (25) was measured by graphite furnace atomic absorption spectroscopy using Zeeman background correction (34) . Measurements were done using a model 4100ZL Perkin-Elmer GF-AAS instrument. The detection limit was 0.4 pmol of chromium. Intracellular chromium content was expressed as nanogram of Cr per microgram of total cellular protein.
Complementation of an E. coli sodA sodB mutant. The chrF, chrC, and chrB genes were cloned by PCR from chromosomal DNA from O. tritici strain 5bvl1. The PCR products were double digested with PstI and NcoI and ligated into PstI-NcoI-digested pTrc99A in the presence of 1 U of T4 DNA ligase (Invitrogen, Carlsbad, CA). E. coli JI132 cells were transformed with empty vector pTrc99A or with indicated expression constructs. Positive clones designated pTrc_chrF, pTrc_chrC, pTrc_chrFC, and pTrc_chrB were grown in LB medium with ampicillin (100 g/ml) to an OD 600 of 0.4 when 1 mM of isopropyl-␤-D-1-thiogalactopyranoside (IPTG) was added to induce cultures. To test the sensitivity of the transformants to paraquat or menadione, induced cells were treated with different concentrations of these drugs for 1 h at 37°C. Samples were diluted and placed on LB plates, and colonies were counted after 24 h. The growth of JI132-complemented strains was also examined in M9 mineral medium supplemented with 0.5 mM L-amino acids (6, 17) .
Determination of SOD activity in crude extracts. Cells were harvested by centrifugation, resuspended in 50 mM Tris buffer, pH 7.8, and lysed by sonication. After centrifugation (15 min, 16,000 ϫ g, 4°C), the supernatants were collected. Total protein was determined using the Bradford assay (Bio-Rad Laboratories, Hercules, CA). The superoxide dismutase (SOD) activity was measured using a superoxide dismutase assay kit (Cayman Chemical Co., Ann Arbor, MI). The SOD activity on 10% nondenaturing polyacrylamide gels was visualized by nitroblue tetrazolium negative staining (5) .
Nucleotide sequence accession number. The nucleotide sequence determined in this study has been deposited in the GenBank database under accession number EF469735.
RESULTS
Isolation of chromate-sensitive mutants. Random mutants were generated by mobilization of the suicide plasmid pSUP5011 from the donor strain E. coli S17-1 into the recipient strain O. tritici 5bvl1. Approximately 4,000 kanamycinresistant clones were randomly chosen and initially tested for their ability to grow on LB plates containing 2 mM chromate. After 48 h of incubation, chromium-sensitive clones were selected for testing of chromate sensitivity in liquid medium and on plates with a range of high Cr(VI) concentrations. One mutant, designated E117, was particularly sensitive to chromate (Fig. 1A) , and it was selected for detailed genetic analysis. Southern blot probing of total genomic DNA digestion products (SphI and SalI) with an internal transposon fragment labeled with dioxigenin-dUTP confirmed the presence of the transposon insertion in the E117 clone (Fig. 1B) . Both restriction enzymes generated only two Tn5-positive fragments, indicating that the E117 clone had a single transposon insert.
Genetic organization of the chromate resistance operon. Arbitrary PCR anchored with transposase-specific primers identified the Tn5 insertion site in mutant E117 as being inside an open reading frame (ORF) coding for a protein with a high degree of homology to a chromate transporter (referred to as ChrA) (Fig. 2A) . Primer walking experiments revealed a total of six ORFs. Four of the ORFs were located on the same DNA strand between the divergently transcribed tnpR and tnpA genes. Several features typically associated with transposons were identified, and therefore, the name TnOtChr was given. Transposon TnOtChr has a length of 7,189 nucleotides and contains two conserved genes (tnpA and tnpR), which encode transposase and resolvase, respectively. Analysis of these genes revealed that TnOtChr belongs to the large Tn3 family of transposons; however, other sequence elements of TnOtChr were more similar to the Tn21 family. As in Tn3, the tnpA and tnpR genes are divergently transcribed, whereas in the Tn21 subfamily of transposons, the tnpR and tnpA genes are transcribed as a unit (15) . The left and right inverted repeats of TnOtChr are 38 bp long and identical to each other (Fig. 2B) . They are 33/38 bp identical to the Tn21 left IR and 30/38 bp identical to the Tn21 right IR, but only 19/38 bp identical to the Tn3 IR sequences (left or right). Sequences flanking the transposon were not associated with chromate resistance, which together code for a putative esterase, indicating that the transposon was inserted in the middle of this gene.
The chrA gene encodes a protein showing the highest homology (77% identity and 86% similarity) to a putative chromate transporter from Janthinobacterium sp. strain Marseille (GenBank accession no. YP_001354737). Alignment of amino acid sequences of these proteins with the ChrA from other organisms (C. metallidurans and Pseudomonas aeruginosa) revealed some common structural features. These include the presence of two copies of the motif GGX 12 VX 4 WX 16 PGPX 9/8 G (X is any residue) (30) . Upstream of chrA, primer walking revealed one additional ORF related to chromate resistance, chrB coding for a 312-amino-acid-long protein. ChrB showed 64% identity with a chromate resistance protein of Herminiimonas arsenicoxydans (GenBank accession no. YP_001099204). The alignment of these ChrB proteins with the homologous proteins from C. metallidurans also found a strong similarity in the areas of conserved domains. An ORF (chrC) immediately downstream of chrA encoded a protein product of 202 amino acids, displaying 71% identity to the manganese or iron SOD of the strain C. metallidurans CH34 (GenBank accession no. ABF13060). The next downstream ORF was homologous (83% identity) to a hypothetical protein of Burkholderia xenovorans LB400 (GenBank accession no. ABE37064). This ORF also showed high similarity to both ORFs, referred to as chrF 1 and chrF 2 , present in the plasmid pMOL28 and chromosome of strain C. metallidurans CH34, which code for uncharacterized conserved proteins related to chromate resistance. Consequently, we named this gene and the corresponding protein chrF and ChrF, respectively. The protein ChrF also showed 28% identity and 49% similarity with the C-terminal region of ChrB, and based on BLAST analyses, both proteins showed sequence similarity with SodMlike proteins from other bacterial species. Metal dependence of the activity of these proteins has not yet been established.
The chr operon is functional in type strain O. tritici. To test whether the discovered genes were functional in a chromatesensitive Ochrobactrum, E. coli S17-1 pir cells containing plasmid pUT::chrFCAB, pUT::chrCAB, pUT::chrAB, or pUT::chrB were mated with O. tritici T . The chromate resistance of these constructs was compared to the wild strain 5bvl1 and type strain O. tritici (Fig. 3A) . O. tritici T cells containing pUT::chrB (O. tritici T chrB) showed chromate susceptibility that was similar to cells without any construct. Introduction of three other constructs (pUT::chrFCAB, pUT::chrCAB, and pUT::chrAB) made O. tritici T as resistant to Cr(VI) as strain 5bvl1 was. The clonogenic survival studies also found that O. tritici T carrying these different constructs exhibited similar percentages of cells surviving at several chromate concentrations (Fig. 3B) . These results indicate that, at least in O. tritici T , chrF and chrC genes did not seem to play a significant role in chromate resistance.
To investigate a potential mechanism of resistance, we examined the role of chr genes in chromium accumulation by different bacterial cultures (Fig. 3C) 
, and O. tritici T chrB (E) strains were grown in Tris-glucose medium for 15 h at 37°C in the presence of the indicated concentrations of chromate. (B) Clonogenic survival at different chromate concentrations. The cultures were plated on LB plates, and the colonies were counted after 3 days of incubation at 37°C. Strain symbols are as defined above for panel A. (C) Chromate uptake by O. tritici strains. Exponentialphase cells were incubated at 37°C with chromate for 3 h, and cellular chromium concentrations were measured as described in Materials and Methods. (D) Survival of O. tritici 5bvl1 (᭜), O. tritici (E), E117 mutant (OE), and E117:chrA (ϫ) strains at different chromate concentrations. The cultures were also plated on LB plates, and the colonies were counted after 3 days of incubation at 37°C. (E) Chromate uptake. Exponential growing cells were exposed to 1 mM chromate for 3 h. Values are means Ϯ standard deviations (error bars) from three independent experiments. (F) Chromate efflux by O. tritici 5bvl1 (E), E117 mutant (f), and E117:chrA (OE) strains. Cells were first preincubated with 0.1 mM chromate for 1 h to induce the chr operon and then pulse-loaded for 15 min with high chromate concentrations (1 mM chromate for E117 mutant and 5 mM chromate for strains 5bvl1 and E117:chrA), resulting in approximately equal initial levels of cellular chromium. Cells were washed and then incubated in fresh medium for 0 to 30 min at 37°C to assess efflux of cellular chromium. Results are the percentages of remaining cellular concentrations of Cr after normalization for protein content (means Ϯ standard deviations [error bars] from three independent experiments). T chrB) showed the highest intracellular chromium concentrations. A direct association between chromate sensitivity and increased chromium accumulation was further confirmed by findings that chromate-sensitive type strain O. tritici and E117 mutant contained very high levels of intracellular Cr ( Fig. 3D and E) . Further studies revealed the critical role of ChrA protein in the chromate detoxification process. Suspensions of Cr(VI)-resistant cells (strains 5bvl1 and E117:chrA) pulse-loaded with chromate showed a clear time-dependent loss of cellular Cr, whereas chromium-sensitive E117 mutant cells exhibited no detectable decrease in Cr levels during 30 min of incubation (Fig. 3F) . These findings demonstrated that chromium-resistant strain 5bvl1 cells express a very efficient chromate efflux system that was able to maintain a very low level of cellular Cr, even in media containing millimolar chromate concentrations.
Regulation of the chr promoter. To examine whether the chr operon was inducible by chromate, we utilized a highly sensitive RT-PCR methodology to detect chrB expression in the presence and absence of Cr(VI) (Fig. 4) . In Cr(VI)-treated cultures, an RT-PCR product corresponding to the predicted size of 939 bp was readily amplified, while expression of the chrB gene was undetectable in chromium-free cultures. Control RT-PCRs generated 16S rRNA-derived products from all samples, indicating that RNA from untreated cells was amplifiable. A potential PCR amplification from contaminating DNA was ruled out because of the absence of products in the samples lacking reverse transcriptase (Fig. 4, RT lanes) .
To investigate the mechanisms of chr inducibility, we constructed reporter plasmids by cloning the chrp sequence and chr genes in front of the promoterless lacZ gene in the pSJ3 vector. The chrp::lacZ construct showed a constitutively high ␤-galactosidase activity which was unaffected by the addition of chromate (Fig. 5A) . The role of the ChrB protein in the chromate-mediated induction was tested using a plasmid containing a chrBp::lacZ fusion. This reporter revealed a potent activation by Cr(VI), and at 0.1 mM dose, ␤-galactosidase activity reached a plateau corresponding to the activity of the chrp::lacZ vector (Fig. 5B) . To assess the selectivity of the ChrB-dependent responses, we examined the activity of the chrBp::lacZ reporter in the presence of sulfate, a biological anion that is isostructural with chromate. We determined that the addition of 0.03 to 3 mM sulfate had no effect on the basal activity of the chrBp::lacZ reporter plasmid or its inducibility by Cr(VI) (Fig. 5C) . The selectivity of the chromate-sensing ChrB was further evaluated by testing other oxyanions, such as vanadate, arsenate, tungstate, and molybdate, for their ability to act as inducers of the chrBp::lacZ reporter. We found that even at levels more than 1,000 times above the effective chromate concentrations, none of these anions was capable of producing of any detectable responses (Fig. 5D) . We also examined whether the chr operon was inducible by oxidative stress by testing hydrogen peroxide and the superoxide-generating reagents paraquat and menadione. We found that none of these oxidants was able to induce significant increases in the reporter expression (Fig. 5E ). Protective roles of ChrF, ChrC, and ChrB against superoxide toxicity. As noted above, ChrC showed some sequence similarity to proteins with SOD activities and ChrB and ChrF showed sequence similarity with putative SOD proteins. This prompted us to conduct additional investigation of the functional roles of these three chr proteins by expressing them in an E. coli sodA sodB double mutant. We found that expression of any of these three proteins strongly increased resistance of sodA sodB cells to the toxicity of superoxide anion-generating reagents paraquat (Fig. 6A) or menadione (Fig. 6B ). Although complementation with chrB, chrC, or chrF did not produce the same level of tolerance as that of wild-type E. coli expressing both SodA and SodB, the resistance of the chrB-complemented cells at 0 to 2 mM doses of paraquat was identical to the wild-type strain. The expression of chrB, chrC, or chrF did not increase resistance of E. coli sodA sodB mutant to another organic oxidant, cumene hydroperoxide (not shown), which damages cells primarily via lipid oxidation.
sodA sodB double-deficient E. coli cells are unable to grow under aerobic conditions without sulfur-containing amino acids or aromatic amino acids (6, 17) , which is apparently caused by a rapid inactivation of enzymes involved in the biosynthesis of these amino acids by the high level of superoxide in oxygenated cultures. Rescue of the growth defect in sodA sodB double mutant cells in aerobic minimal medium is commonly used as a genetic test for the presence of SOD activity in a protein of interest. We found that the expression of chrF, chrC, and chrB genes restored the ability of SOD-null E. coli cells to grow in media without both aromatic amino acids and sulfur-containing amino acids (Fig. 7B) , although cells carrying the pTrc_chrF construct showed a significantly slower growth in medium without methionine and cysteine (Fig. 7C) . While the exact reasons for this discrepancy between two conditions are currently unclear, one possibility could be related to a higher content of Cys and Met in the ChrF protein, making it more difficult to synthesize when the availability of these amino acids is limited. Biochemical testing of cellular extracts found no significant changes in SOD activity following expression of chrC and chrF genes in sodA sodB cells (not shown) and a modest increase after complementation with chrB (0.28 Ϯ 0.02 U/mg protein in vector-complemented cells and 1.18 Ϯ 0.22 U/mg protein in chrB-complemented cells, P Ͻ 0.001, one-way analysis of variance). Qualitative detection of SOD activity on native protein gels produced consistent positive results only for ChrC-expressing cells (Fig. 7D) . Because SOD activity was completely absent in preparations containing phosphate buffer (not shown), the lability of a metal cofactor(s) in expressed chr proteins may explain their low SOD activity and inconsistent results between two enzymatic assays. 
DISCUSSION
O. tritici strain 5bvl1 was isolated from the consortium of bacteria adapted to live in the environment with high concentrations of chromate (14), and we reasoned that this strain should contain genes conferring high tolerance of Cr(VI). This expectation was confirmed by the identification of a set of Cr(VI) resistance genes located on the chromosomally integrated transposable element TnOtChr. The structure of this transposon indicates its ability to distribute the chromate resistance genes. The tnpR and tnpA genes are separated by a region that contains four chromate resistance-related genes. Other transposons carrying mercury resistance genes have been identified (22, 41) , and more recently, transposons with arsenic resistance genes were also found (39, 40) . A transposon carrying a chromate resistance determinant has already been found in plasmid pB4 from an uncultivatable bacterium (38) . However, the pB4-based transposon Tn5719 contained the tnpR (resolvase) and tnpA (transposase) genes physically adjacent to each other as in the majority of the transposons of the Tn21 subfamily (15, 20) . More recently, a new plasmid pCNB1 from Comamonas sp. strain CNB-1 which contained the genes for chromate resistance located on a transposon has been described (23) . In this case, only two genes, a putative chromate transporter and a regulator, were found on the transposon. Thus, TnOtChr is a unique described transposon in which the chr operon contains SOD-like genes and the tnpR and tnpA genes flanked the chr genes.
Insertion of the Tn5 transposon in the chrA gene (mutant E117) completely abolished chromate resistance, indicating that this gene was essential for growth of strain 5bvl1 in the presence of high Cr(VI). The experiments with the constructs containing the intact and partial chr operons determined that the defect in E117 was caused by the inactivation of ChrA protein, not by Tn5 polar effects on chr expression. Complementation of E117 mutant and type strain O. tritici with chrA conferred the ability to grow in the medium with high chromate concentrations and thus established a direct link between the expression of ChrA and the presence of the chromatetolerant phenotype. This chromate resistance system operates by maintaining low cellular chromium levels even in the presence of millimolar extracellular chromate concentrations. Decreased accumulation of chromate has been associated with chromate resistance in other microorganisms (3, 29, 31, 33) . ChrA proteins from C. metallidurans (29) and Pseudomonas aeruginosa (10) have been functionally characterized as chromate efflux pumps. Direct observations of the cellular loss of chromium via a ChrA-dependent mechanism and the presence of significant amino acid homology among the chrA gene products from different species all indicate that the ChrA protein from strain 5bvl1 also functions as a chromate efflux pump. The chrA gene probably originated by gene duplication followed by gene fusion, since some chr operons contain two adjacent genes encoding the amino-and carboxy-terminal parts of the full-length ChrA protein (30) .
Our experiments with the reporter constructs demonstrated that ChrB protein acted as the chromate-sensitive regulator of the chr operon. Unlike ChrB proteins from C. metallidurans that activated the chromate resistance system in the presence of Cr(VI) and Cr(III) (18, 32) , ChrB from O. tritici strain 5bvl1 responded exclusively to Cr(VI). Another unique feature of the chr operon from strain 5bvl1 was insensitivity of its induction by chromate on the concentration of sulfate ions. Thus, chromate selectivity of ChrB could be a major factor in the much greater efficiency of the strain 5bvl1 chr system, endowing cells with the ability to grow at Ͼ100-fold-higher chromate concentrations relative to the resistance system that exhibits a lower degree of chromate selectivity (32) .
The absence of significant effects on chromate sensitivity in strains expressing constructs lacking chrC and chrF genes at first glance appears unusual. From an evolutionary point of view, it is highly unlikely that two genes would be incorporated into the chromate resistance operon while they provide no growth advantage under conditions of chromate exposure. The likely answer probably lies in the fact these genes are part of the transposon-based mobile genetic element. While in O. tritici cells, chrF and chrC apparently do not play a major role in resistance, the expression of the entire chrBACF operon can be important for the survival of other bacteria in the environment with high chromate. Cr(VI) causes cell death via both oxidative and nonoxidative processes, and the relative significance of these mechanisms varies depending on the rate of chromate reduction, nature of intermediate species, and other conditions (43) . A common pathway for Cr(VI) reduction to Cr(III) is through Cr(V) and Cr(IV) intermediates which are both capable of redox cycling and can generate large amounts of reactive oxygen species (25) . Thus, in bacteria with abnormally high production of toxic superoxide in response to chromate (1), the expression of ChrC, ChrF, and ChrB proteins should provide an important second line of defense against this toxic metal. The water treatment sludge from which the chromate-resistant O. tritici strain 5bvl1 was isolated (14) contained many other toxicants, which is generally true for the majority of chromate-contaminated environments. Thus, the expression of the chr operon can confer cross-resistance to the redox-active contaminants that can either generate superoxide directly or deplete cellular antioxidants, which would potentiate the formation of reactive oxygen species by chromate (25) .
